Abstract The effects of three heavy metals (Co, Ni and Cd) on the growth kinetics of five bacterial strains with different characteristics (Pseudomonas sp., Phaeobacter sp. strain 27-4, Listonella anguillarum, Carnobacterium piscicola and Leuconostoc mesenteroides subsp. lysis) were studied in a batch system. A bivariate model, function of time and dose, is proposed to describe simultaneously all the kinetic profiles obtained by incubating a microorganism at increasing concentrations of individual metals. This model combines the logistic equation for describing growth, with a modification of the cumulative Weibull's function for describing the dose-dependent variations of growth parameters. The comprehensive model thus obtained-which minimizes the effects of the experimental error-was statistically significant in all the studied cases, and it raises doubts about toxicological evaluations that are based on a single growth parameter, especially if it is not obtained from a kinetic equation. In lactic acid bacteria cultures (C. piscicola and L. mesenteroides), Cd induced remarkable differences in yield and time course of characteristic metabolites. A global parameter is defined (ED 50,τ : dose of toxic chemical that reduces the biomass of a culture by 50% compared to that produced by the control at the time corresponding to its semi maximum biomass) that allows comparing toxic effects on growth kinetics using a single value.
Introduction
The microbial culture in a limited medium is a useful tool for assessing the biological activity of physical and chemical agents by dose-response (DR) analysis. This tool has been applied to goals as diverse as the study of the effect of electric pulses on cell viability (Peleg 1995) , quantification of bacteriocins (Cabo et al. 1999; Vázquez et al. 2004a ), probiotic tests (Vázquez et al. 2005a) , or toxicological evaluations (Nyholm et al. 1992; Gikas 2007) The usual procedure in a DR analysis is based on the assumption that some quantity calculable from the growth data (some parameter of the growth equation, frequently the maximum specific growth rate, μ m ) varies depending on the dose according to a sigmoid model (Murado et al. 2002; Riobó et al. 2008a) . Routine applications in toxicological assessments, such as those described in some legal norms, often replace the use of a growth equation with a simpler approach (ISO 1995 (ISO , 2006 Strotmann and Pagga 1996) . Thus, it is common to estimate the specific growth rate from biomass measured at two points in the exponential phase, accepting that the appropriate interval for this measure is the same in the control units as in those treated with the chemical (ISO 2006) . Although, in principle, the problem is simple and easy to standardize, it has several interrelated difficulties that can lead to questionable results and interpretations.
First, the variations in specific (μ m ) or absolute (v m ) maximum growth rate may not explain the differences between the kinetic profiles of the control and toxic-dosed cultures. This is because the kinetic profile also depends on factors such as yield (biomass production/substrate consumption) that the biological entity obtains from the carbon and energy sources available and the duration of the lag phase, that is, the time required by the organism to adjust its enzymatic system to environmental conditions. Although these factors represent aspects of the same metabolic system, each factor defines a subsystem that can be independently affected by the toxic agent. In other words, a substance can affect, independently or not, three parameters of the growth equation: maximum growth rate (μ m or v m ), maximum biomass (X m ) and lag phase (1 ). As a result, no assessment based on the variation of a single parameter can, in general, explain the disturbance that a toxic substance produces in the biological system tested.
Moreover, any change in these parameters produces variations in the kinetic profile that move in time the location of the exponential phase or change its duration. This requires the use of different time intervals with each dose even for the simplified calculation of μ m . Since such intervals cannot be defined a priori, it is necessary that the corresponding kinetic profiles, with sufficiently defined phases, should be available. Under these conditions, the information required to calculate μ m can be more efficiently used to describe the toxic effect with more realism and less error.
The term "heavy metals" is "used as a group name for metals and semimetals that have been associated with contamination and potential toxicity or ecotoxicity" (Duffus 2002) . Heavy metals can be classified as essential (e.g., Co, Ni, Cu) or non-essential (e.g., Cd, Hg, Pb) depending on whether they have a biological role for microorganisms (Bruins et al. 2000) . Essential metals have growth stimulatory effects up to a limit concentration, with inhibitory effects from this level. Bacteria have adapted to the presence of heavy metals in the environment and have developed resistance mechanisms (Bruins et al. 2000) . Although the type of mechanisms may be more or less homologous in all species of bacteria (Ji and Silver 1995) , it is expected to obtain different responses to the same toxic concentration for several bacterial species (or bacterial groups). For example, lactic acid bacteria (LAB) have been proposed as a promising alternative to remove heavy metals from water (Halttunen et al. 2007) and Leuconostoc mesenteroides proved to be an effective metal-binding species (Mrvčić et al. 2009) .
In this work, we propose the use of a bivariate model, as a function of time and dose, which combines the logistic equation as a description of growth with the cumulative function of the Weibull distribution as a description of the dose-response relationships. This approach was applied to model the effect of three heavy metals (Co, Cd and Ni) on biomass production by five microorganisms (LAB and marine bacteria). Our results demonstrated the suitability and accuracy of these equations to describe and predict the experimental data and to supply parameters, with clear biological meaning, useful for toxicological evaluations.
Materials and methods

Microorganisms, culture media, reagents and incubation conditions
Microorganisms from different habitats (marine and terrestrial), metabolic characteristics (homo-and heterofermentative), cell wall structure (Gram-positive and Gram-negative) and behaviour (free, opportunistic parasite, probiotic) have been used for toxicological assessment. Table 1 summarizes the basic features of all the evaluated bacteria. Phaeobacter sp. and Listonella anguillarum were kindly provided by Dr. Lone Gram (DTU Aqua, Denmark) and Dr. Harry Birkbeck (University of Glasgow, UK), respectively. L. mesenteroides was supplied by Dr. B. Ray (University of Wyoming, Laramie, USA).
Stock cultures of LAB and marine bacteria were kept at −80°C in commercial MRS and marine medium, respectively, with 25% glycerol (Vázquez et al. 2004b; Cabo et al. 2001) . Marine medium were provided by Difco (Becton, Dickinson and Company, MD, USA) and MRS Inocula (0.7%, v/v) consisted of cellular suspensions from 14-h cultures on MRS and marine media adjusted to a 700-nm absorbance (A 700 ) of 0.600 for marine bacteria and 0.900 for LAB. Fermentations were carried out in triplicate using 300-ml Erlenmeyer flasks with 150 ml of culture medium containing 1 ml of the corresponding inoculum and the volume of the concentrated heavy metal solution necessary to obtain the fixed final concentration. Experiments were performed with orbital shaking at 200 rpm and 22°C (L. anguillarum, Phaeobacter sp.), 27°C (Pseudomonas sp.) and 30°C (L. mesenteroides, Carnobacterium piscicola).
Sampling and analytical determinations
At pre-established times, 2-ml samples were centrifuged at 4,000×g for 15 min. Sediments (biomass) were washed and resuspended in distilled water to the appropriate dilution for measuring the bacterial growth by A 700 . In LAB cultures, supernatants were used for determining proteins (data not shown), glucose and characteristic metabolites from LAB fermentations.
Soluble proteins were quantified using the method of Lowry et al. (1951) . Glucose, ethanol and lactic and acetic acids were measured by HPLC in membrane-filtered samples (0.22 μm, Millex-GV, Millipore, USA) using an ION-300 column (Transgenomic, USA) with 6 mM sulphuric acid as a mobile phase (flow=0.4 ml min −1 ) at 65°C
and a refractive index detector.
Mathematical modelling
Dose-response model
In previous works, we have argued in favour of our preference for the cumulative function of the Weibull distribution as a DR model (Riobó et al. 2008b; Murado and Vázquez 2010) . If the original function is multiplied by an asymptotic value K, it can account for the possibility of low toxic bioavailability, resistant subpopulations or other conditions, relatively frequent in DR tests that can produce <1 asymptote. It is also appropriate to re-parameterize the equation to make explicit the dose for semi-maximum response (m), which simplifies the assignment of initial values and the calculation of the confidence interval using the appropriate statistical software. It should be noted that the ED 50 or EC 50 (effective dose or concentration for 50% of the tested population) only coincides with m when K=1. Assuming that the response increases with dose, we will use the following formula, which we will denote by m W:
where R is the response (with K as maximum value), D is the dose, m is the dose corresponding to the semi-maximum response, and a is a shape parameter related to the maximum slope of the response. Apart from the general method proposed, some biphasic profiles were fitted to a sum or difference of two equations (Eq. 1):
Growth equation
A widely accepted model for the macroscopic description of the microbial growth kinetics is the logistic equation (Mercier et al. 1992; Wachenheim et al. 2003; Vázquez et al. 2005b) , an advantage of which is the direct biological meaning of its parameters. This model describes the biomass variation versus time (growth rate v) by means of the following differential equation:
where X is the biomass (with X m as asymptotic maximum), t the time and μ m the maximum specific growth rate or biomass increase per biomass unit and time unit (dimensions t −1 ). When this differential form is integrated with respect to time, for initial values t=0, X=X 0 , the explicit expression is obtained:
For the purposes of our study, it is pertinent to reparameterize this basic form to make explicit other parameters more appropriate in some cases. This requires taking into account that the maximum rate (v m ) is the slope of the tangent to the function at the inflection point and that the lag phase (1 ) can be defined by the intersection of that tangent with the time axis (Zwietering et al. 1990; Vazquez and Murado 2008a) . The relationship between 1 and v m thus established (see Appendix 1) can involve a not very realistic restriction in some cases. An alternative time parameter is the time (C ) required to achieve the half of the maximum biomass. Five re-parameterizations (L1 to L5) of Eq. 3 are shown in Table 2 , and their calculation is detailed in Appendix 1.
The joint dose-growth model
When a parameter θ of the growth equation drops from a value θ 0 without toxic agent to a value of θ in the presence of a given dose of the chemical, the response R θ of this parameter can be defined as:
If the response increases the parametric value (θ>θ 0 ), we have:
In both cases, R θ represents Eq. 1. Thus, when the parameters of the logistic equation are made dependent on the dose according to the Eq. 1, the result will be an expression that describes simultaneously all the kinetic series obtained in the presence of different concentrations of the toxic chemical. If the re-parameterization L3 (Table 2) is taken as reference, the full model is:
; where :
This formulation assumes that the toxic action depresses the maximum biomass and the maximum growth rate, and prolongs the lag phase, but these assumptions, though reasonable, are not strictly necessary. The proposed DR models can describe other situations by changing the signs of the terms. If any of the parameter estimates (K i , m i , a i ) for the effect of the chemicals on a given parameter of the growth equation is not statistically significant, the effect involved is deleted and the model is recalculated. When the effects are inhibitory, it is advisable to include the restriction K i ≤1 to fit to the experimental values. This limitation serves to prevent the possibility that at high doses, the growth equation is solved with negative parameters, which has no physical meaning and can corrupt the system solution. Such a restriction is not necessary with stimulatory effects since the asymptotes higher than 1 are not problematic here.
Numerical methods
Fitting procedures and parametric estimations from the experimental results were performed by minimisation of the sum of quadratic differences between observed and modelpredicted values using the nonlinear least squares (quasiNewton) method provided by the macro 'Solver' of the Microsoft Excel XP spreadsheet. Subsequently, confidence intervals from the parametric estimations (Student's t test) and consistency of mathematical models (Fisher's F test) were determined using DataFit 9 (Oakdale Engineering, Oakdale, PA, USA).
Results
Preliminary approach
The response of Pseudomonas sp. to Cd is an example useful for discussing the proposed approach, which requires us to decide on: (1) the parametric form of the growth model regarding the use of maximum absolute (v m ) or specific (μ m ) growth rate as rate parameter; (2) the calculation method, with two options: (a) individual fittings to the growth equation of the kinetic series corresponding to each dose and use of model 1 to describe the effect of this dose on the growth parameters and (b) simultaneous fitting to an Eq. 3 of all the kinetic series for obtaining the joint solution once the effects that involve some parameter without statistical significance have been removed. The results were as follows ( Fig. 1 and Table 3 ):
Use of v m (Eqs. L3 and L5 in Table 2) Individual fittings Increasing concentrations of Cd caused a decrease of v m and X m values and an increase of 1 (with L3) or C (with L5). All the effects could be described (α= Table 2 Five re-parametrizations of the logistic equation as growth model
X 0 initial biomass, X m maximum biomass, μ m maximun specific growth rate, v m maximum growth rate, 1 lag phase, C time for semimaximum biomass 0.05) by means of model 1. The use of 1 as time parameter provided better fittings than C .
Simultaneous fitting All the parametric estimates were significant (α=0.05), and the results of the individual fittings were confirmed. These two fitting methods provided almost indistinguishable descriptions of the kinetic data, although with some differences in the profiles corresponding to the effects of the metal on the parameters of the growth equation. Since the simultaneous fitting involves the assumption that the toxic produces effects that satisfy DR models in all the cultures tested-which, in fact, must behave like a unitary system-this option was considered preferable to the individual fittings.
Use of μ m (Eq. L4 in Table 2) Individual fittings Cd depressed the values of μ m and X m and increased 1 . Nevertheless, the effect on μ m did not obey the proposed model 1.
Simultaneous fitting The parameters concerning the effect of Cd on μ m (K μ , m μ and a μ ) were not statistically Although the variation of μ m does not correspond with the profile defined by the Eq. 1, this does not mean that μ m is constant. In fact, the effect of Cd on μ m (obtained by individual fittings to L4, or calculated by means of Eq. 9 from fitting to L3 or L5) could be described by means of a subtractive bisigmoid model 2. However, the use of 2 would create an unnecessary and doubtful complication since the value of μ m is highly dependent on the kinetic data at short times, which are very sensitive to the experimental error. Under these conditions, the use of v m instead of μ m as a rate parameter seems to be a better solution. This fact does not prevent the use of other more appropriate parameters for specific cases.
The bivariate model
The responses observed in the 15 studied cases showed characteristics dependent on the species and metals considered (Figs. 2, 3 and 4 and Tables 4 and 5). In all of them, the use of model 6 led to a statistically significant description. Within the range of the tested doses, C. piscicola was remarkably insensitive to Co (which only prolonged the lag phase with an effect close to lack of significance) and L. mesenteroides was insensitive to Co and Ni (figures not shown). Five cases (Cd on Pseudomonas sp., C. piscicola and L. mesenteroides; Co and Ni on Phaeobacter sp.) involved changes in the three parameters (X m , v m and 1 or C ) of the growth equation; in the remaining seven cases, the changes affected X m and v m . Three cases showed peculiarities of interest, as detailed below.
The responses to Cd of C. piscicola and L. mesenteroides could not be described using the form L4 as the core of model 6. The reason, mentioned in "Mathematical modelling", is that real relation between v m and 1 variations was not that assumed by model 6. This problem can be solved by means of a re-parameterization such as L2, where 1 is not explicit, or L5, with C as time parameter. The L5 option led to the best fit in both cases (Tables 4 and  5 
and Figs. 3 and 4).
It is obvious that the exposure to Cd accelerated the death phase of L. mesenteroides cultures (Fig. 5 ), but we have not been able to develop an explicit algebraic expression that can describe these growth kinetics. Accordingly, the description of this case by means of a model of type 6 was carried out excluding biomass values for times longer than 34 h.
The growth of Phaeobacter sp. in Ni-dosed cultures showed a value of X m higher than the control for concentrations up to 40 mg l −1 , with a marked drop from this level. Model 6 adequately described this response assuming a negative value for the asymptote (K m ) of the effect of Ni on X m . This means accepting that low doses of Ni cause a slight increase in biomass production, which is no longer detected at higher doses, where the effects on v m and 1 are of greater intensity. By representing biomass as a simultaneous function of dose and time (Figs. 2, 3 and 4 Table 2 Fig. 2 Left Experimental data of the growth kinetics for the tested bacteria (points) and fittings to Eq. 6 (surface). D coded dose, t time in hours. For clarity, confidence intervals (in all cases <5% of the experimental mean value; α=0.05; n=3) were omitted. Right Correlation between observed and predicted values. Numerical results are summarized in Table 4 40 Fig. 3 Left Experimental data of the growth kinetics for the tested bacteria (points) and fittings to Eq. 6 (surface). For clarity, confidence intervals (in all cases <5% of the experimental mean value; α=0.05; n=3) were omitted. Keys as in Fig. 2 . Numerical results in Table 4 40 Fig. 4 Left Experimental data of the growth kinetics for the tested bacteria (points) and fittings to Eq. 6 (surface). For clarity, confidence intervals (in all cases <5% of the experimental mean value; α=0.05; n=3) were omitted. Keys as in Fig. 2 . Numerical results in Table 5 an interesting behaviour that it is not easily verifiable using 2D figures. The biomass, especially at long times, falls in some cases with a stepped shape. Such a shape is expected to be found when the toxic agent affects in different way the mechanisms that underlie the meanings of the different kinetic parameters (maximum growth rate, yield and lag phase). Indeed, if the toxic action modifies a parameter θ 1 of the growth equation according to a DR model with moderate values of K 1 , m 1 and a 1 and a parameter θ 2 with high values of K 2 , m 2 and a 2 , the effect on θ 1 will produce a smooth fall of the biomass at low doses and a sharp decline at doses near the m 2 value. Model 6 adequately describes this response, not predictable with estimates based on the effect of the chemical on a single parameter.
It should be noted that if the toxic effect is typified by means of the ED 50 , it is necessary to provide the values corresponding to all the affected parameters of the growth equation. Another option is to consider a single index as a summary of all the effects on the biomass produced at a given time. This is the main datum with practical interest in operational contexts (effluent treatment, bio-silage, batch fermentation) and also provides the most reliable estimate Notations as in Table 3 Table 5 Parametric estimates and confidence intervals (α=0.05) corresponding to the specified responses fitted to the Eq. 6
Phaeobacter sp. L. mesenteroides Notations as in Table 3 and 4 of the expected effects in problems of environmental assessment. Since an important time reference is C (time required to achieve semi-maximum biomass), the summary index may be defined as ED 50,τ , or dose that reduces the biomass by 50% compared to that produced by the control at time C (see Table 6 and Appendix 2). In summary, Cd was the most toxic heavy metal and Ni the least toxic chemical in most cases.
Effects on lactic acid fermentation
In MRS medium, C. piscicola and L. mesenteroides produce lactic acid as the main metabolite from glucose, which provides additional criteria to assess the effects of the metals tested (e.g. the yields of metabolite productions by substrate consumption). With regard to this production, it is interesting to observe the cumulative variation of the following magnitudes with the meaning of yields:
where ΔX, ΔG and ΔL are the increments along the time of biomass, glucose and lactic acid, respectively, with respect to the corresponding initial concentrations (biomass may be replaced by A 700 since relationships are here of greater interest than absolute values). Figure 6 shows the variation of these yields in C. piscicola cultures exposed to the three metals; coincidentally, the affected growth parameters were different for the three cases (Table 4 ). The occasional divergence in the profiles at short times is less important than its convergence (or lack thereof) at middle and long times because the analytical error is higher at the beginning of the culture, and it is, moreover, amplified by the use of relations. In any case, the profiles are clearly characteristic of the considered response.
Thus, with respect to Cd-which modified X m , v m and C -the production of biomass and lactic acid per unit of substrate consumption diminished progressively with increasing doses. This result for lactic acid is in agreement with its definition as primary metabolite (Luedeking and Piret 1959) . However, the production of lactic acid per unit of biomass increased with the dose despite the involved higher energy cost. With regard to Co, which slightly extended the lag phase, the three yields were essentially the same in control and Ni-dosed cultures. Concerning Ni, which only altered the maximum growth rate, the behaviour of yields took an intermediate position.
L. mesenteroides showed a heterofermentative metabolism with production of ethanol, acetic and lactic acid (data not shown). When the sum (M) of the three metabolites was used for calculation of the yields 7, the results were similar to those obtained with C. piscicola. Against Cd-which modified X m , v m and C -an increase of the dose generated a decrease of Y X/G and Y M/G , but an increase of Y M/X . Against Co and Ni-without effect in the dose domain tested-control and dosed cultures showed no significant differences.
It may be noted that if the (constitutive) production of lactic acid were stimulated as a mechanism of resistance, its relations with the concentration of chemical, substrate and biomass would be as those found in our results. On the other hand, for both LAB, the variations of Y X/G (as well as Y L/G and Y L/X , linked to primary metabolism) are associated with responses whose description involved admitting an inhibitory effect on the parameter X m . These features confirm that the effects on yield, which are connected with the value of the parameter X m , can be independent (as in the mentioned cases) from those related to growth rate and lag 5 Growth kinetics of L. mesenteroides exposed to Cd which shows the effect of metal on the death phase at times longer than 40 h (removed in Fig. 4 phase. Therefore, none of such effects can be neglected in predictive toxicological evaluations.
Discussion
The use of sigmoidal equations for describing both microbial growth Gernaey et al. 2010 ) and dose-response relationships (Volund 1978; Faust et al. 2003; Gennings et al. 2004 ) is an extensively accepted practice. However, the combination of both approaches in a single mathematical equation, which enables the evaluation of the effects of a chemical on all the growth parameters, has not been completely explored. The model proposed here assumes that a toxic agent can determine independent variations satisfying DR relationships on all the parameters of the growth equation. The alternative use of different re-parameterizations of this growth equation allowed us to solve a variety of particular cases and to accurately describe the batch cultures kinetics of five bacteria as affected by three heavy metals. This approach is very similar to that proposed, almost 30 years ago, by Kooijman et al. (1983) . We believe that our focus improves the treatment of the effects on the lag phase, provides flexible re-parameterizations and avoids, Fig. 6 Biomass (X), lactic acid production (L) and glucose consumption (G) relationships for C. piscicola at different times, hours). Open circle, control; closed circle, increasing concentrations of heavy metal (when there is not overlapping, profiles move away from control as toxic concentration increases). Note that there is a correspondence between the grouping mode of the profiles and the parameters of the model 6 affected by the metals (Table 4) using a global model able to solve simultaneously all the possible effects on the parameters of the growth equation, some incoherences difficult to explain, as we saw, if we deal with such effects individually. We also believe that the fact that the evaluations based on the variation of a single parameter of the growth equation can have limited predictive value (as it can be verified by applying the global index ED 50,τ under different hypothesis) has not been sufficiently underlined. In our work, we have found that the maximum growth rate-the most often affected parameter-only provides an adequate description for one of the 12 cases in which an inhibitory response was detected. Cabrero et al. (1998) have shown that the effects of Zn and Cu on activated sludge bacteria modify the biomass yield coefficient and the growth rate. Nevertheless, the kinetics of growth were individually fitted and equations for predicting the effect of metals on growth parameters were not proposed. Recently, Giotta et al. (2006) have calculated for Rhodobacter sphaeroides the concentration that inhibits 50% of μ m and X m for seven heavy metals, but the effect on the lag phase was only evident in three of the seven cases, and it was neglected for this calculation. On the contrary, this last parameter was identified as responsible for the Ni-, Co-and Zninduced decreases on the growth of Pseudomonas sp. and mixed microbiota from a wastewater treatment plant (Şengör et al. 2009 ). However, the experimental data of this report clearly showed that maximum biomass and growth rate should have been used for modelling the described processes.
In LAB cultures, non-significant effects on kinetic parameters were observed for Ni and Co. It corroborated the high capacity of these bacteria to accumulate some heavy metals without inhibitory effects on biomass production (Halttunen et al. 2007; Mrvčić et al. 2009 ). Nevertheless, Cd-dosed cultures of both LAB species tested were significantly affected in all the parameters of the growth equation.
Our results and mathematical proposal defined a global dose-growth model that: (1) constitutes the simultaneous solution of the series of kinetic profiles obtained by incubating a microorganism in the presence of increasing concentrations of a toxic agent; (2) allows quantifying the effects of such an agent on all the parameters of the growth equation, as well as determining directly the corresponding confidence intervals; (3) considers the time-dose matrix as a whole, which minimizes the effects of experimental error, both random and systematic; (4) generated consistent descriptions when it was applied to study the effects of three heavy metals (Cd, Co and Ni) on five bacteria whose responses showed marked differences within the dose and time domains tested.
